With the advent of combinatorial chemistry and automated synthesis there has been renewed interest in polymer-supported reactions. [1] However, it is evident from the literature that polymer supports used for other than peptide or nucleotide synthesis are, at present, far from optimized. It is not a trivial matter to identify new supports that are economically viable, exhibit satisfactory physical characteristics and that are inert to the diverse range of reagents/catalysts commonly involved in a multi-step combinatorial synthesis. Herein we describe a new class of resins that meet the criteria stated (vide supra). The resins are based on a set of polytetrahydrofuran (PTHF) cross-linkers and hold significant promise as polymer supports for solid-phase synthesis and combinatorial chemistry.
Resins 2a-c were prepared by suspension polymerization of mixtures of 4-VBC, styrene and 1a-c, respectively.
Cross-linkers 1a-c were used in 1, 2, 5 and 10 mole percent of the monofunctional monomers to afford 12 resins (Table 1) .
The degree to which a resin absorbs a particular solvent and swells is considered to be a good measure of site accessibility and thus resin functionalization. [6] Table 1 compares the swelling of 2a-c to three commonly used supports of the same bead size (100-200 mesh) and approximately the same loading level (ca. 0.9 mmol/g) in solvents typically used for organic synthesis. From the table, it is clear that resins 2a-c have superior swelling properties in all solvents where swelling was observed. As expected, the amount of swelling decreases as the level of crosslinking increases, although even the 10% cross-linked resins swell significantly. It is also apparent that swelling is not dependent on the chain length of the cross-linker. Finally, a series of unfunctionalized resins analogous to 2a-c were prepared by copolymerizing styrene and 1a-c. These beads were found to be stable to a variety of common chemical reagents (> 20 mmol reagent/g resin at rt for 4 hr): mCPBA, Dibal-H, MeI, Ac 2 O, aq. NaOH, aq. HCl, 50% TFA/CH 2 Cl 2 . The only reagents found to degrade the structural integrity of the resins were TMSOTf and BuLi. Importantly, the 5% and 10% cross-linked resins did not degraded upon treatment with BuLi as did the 1% and 2% cross-linked resins. [a] Volumes were measured in syringes equipped with a sintered frit after equilibrating for 1 h. The resins exhibited modest swelling in ethyl ether and 1:1 THF:water. Water, acetonitrile, and ethanol were also examined, but no swelling was observed. All resins had dry volumes of approximately 1.5 mL/g. [b] Resin was purchased from NovaBiochem, catalog numbers 01-64-0008, 01-64-0104 and 01-64-0106, and used as received.
To assess the synthetic utility of the resins we chose to synthesize phthalide 3 [7] via a directed ortho-lithiation approach (Scheme 2). [8] The synthesis of 3 has several important features: (1) A demanding ortho-lithiation reaction is utilized. (2) The trapping step is amenable to accepting a variety of electrophiles. (3) Release of the product via cyclization leaves no "trace" of the linker. (4) To our knowledge this reaction has not previously been performed with benzamides on a polymer support. Thus, N-(4-vinylbenzyl)-phthalimide (4) was synthesized [9] for use in the preparation of resins 5a-c. The aforementioned studies with unfunctionalized polystyrene resins containing 1a-c indicated that 5-10% crosslinking was required to ensure the stability of the resin to BuLi. Therefore, resins 5a-c were prepared from 1a-c with 5% cross-linking by suspension polymerization, substituting 4 for 4-VBC. Resins 5a-c were deprotected with hydrazine and converted to benzamides 6a-c. Treatment of 6a-c with sec-BuLi and TMEDA was followed by trapping with p-anisaldehyde and cyclization to release phthalide 3 in greater than 95% purity, as determined by 1 H NMR spectroscopy (Table 2 ). For comparison, the synthesis of 3 was performed in solution, on divinylbenzene (DVB) and tetraethylene glycol (TEG) [3f] cross-linked polystyrene, and Tentagel resins. It is clearly evident from Table 2 that resins 5a-c afforded higher yields of 3 than did the solution reaction, the two commercially available amine resins and the TEG cross-linked (Table 2 , note e) resin studied. It is important to note that the polymer-supported synthesis of 3 has the distinct advantage over the solution synthesis that only the desired product cyclizes and thus cleaves itself from the resin to give essentially pure product. To test the generality of this procedure, phthalides 7-10 ( Figure 1) were also prepared using the corresponding acid chlorides and aldehydes. The cleaved products were again determined to be greater than 95% pure as judged by 1 H NMR spectroscopy.
Solid-phase organic synthesis has traditionally utilized supports developed for biopolymer synthesis that contain rigid cross-linking agents. The results presented indicate that resins designed specifically for organic synthesis, containing flexible cross-linking agents, may be prepared inexpensively and can provide excellent physical and chemical properties.
Scheme 2.
Resin supported synthesis of 3. Resin [a] Loading [b] (mmol/g) yield [c] (%) [a] All resins prepared for this study contained 5 mol percent of the cross-linker [b] Loading was determined by a FMOC release assay. [10] [c]
Refers to yields of 3 that were greater than 95% pure as determined by 1 H NMR.
[d] A similar loading level was also observed by elemental analysis.
[e] The cross-linker for this resin was prepared from TEG and 4-VBC according to the method described in Scheme 1. [3f] An attempt to use this cross-linker in 2 mol percent resulted in degradation of the resin.
[f] Resin was purchased from NovaBiochem, catalog numbers 01-64- was judged to be complete by IR spectroscopy. The resins were swollen in dry THF and treated with Et 3 N (5 eq.) and BzCl (5 eq.). After 1 h the resins were washed with THF, DMF, MeOH and ether, and dried in vacuo to afford resins 6a-c. The reaction was judged to be complete by a negative Kaiser test. Resins 6a-c were swollen in dry THF, cooled to 0 ° C and TMEDA (7 eq.) and sec-BuLi (7 eq.) were added sequentially. After 5 min, p-anisaldehyde (10 eq.) was added. After an additional 30 min the reaction mixture was allowed to warm to room temperature and stirred for 1 h more. The resins were washed as for 6a-c, dried in vacuo, and refluxed in toluene for 16 h. 3H) . To mirror the solid-phase synthesis, the solution synthesis of 3 utilized benzyl benzamide as the lithiation substrate and the product required chromatographic purification. The synthesis of 3 on TEG cross-linked polystyrene used resin prepared in the same manner as were 5a-c. The synthesis of 3 on DVB and Tentagel resins did not require deprotection of the amine prior to benzamide formation. Phthalides 7-10 were prepared by similar methods on 5% cross-linked 5c using the appropriate acid chlorides and aldehydes with the exception that lithiation was performed with n-BuLi in the absence of TMEDA.
